In this paper the production of antibodies against saxitoxin (STX) is described, as is the optimization and comparison of two competitive ELISA formats (direct and indirect) for the detection of this toxin. Tests were performed in a 96-well microplate using the toxin-specific polyclonal antibodies produced in our laboratory, obtained from rabbits immunized with saxitoxin-keyhole limpet hemocyanin (STX-KLH). In indirect ELISA format saxitoxin, conjugated to bovine serum albumin (STX-BSA) was coated onto the microtitre plate and incubated with standard toxin and anti-STX antibody. A goat antirabbit IgG Peroxidase conjugate was used to enable detection. In the direct ELISA format, STX standard, STX conjugate to horseradish peroxidase (STX-HRP), and enzyme substrate/chromogen solution were sequentially added to the microplate after antibody coating.
Introduction
Saxitoxin is one of the most lethal non-protein toxins (LD 50 9 µg kg -1 ) [1] ; it is one of the "paralytic shellfish poisons" (PSP), produced by several marine dinoflagellates and fresh water algae. Contamination of shellfish with saxitoxin has been associated with harmful algal blooms throughout the world.
The anthropogenic enrichment of nitrogen and phosphorus in coastal waters, the increase in aquaculture, the dispersal of marine plankton by ships' ballast water, and the transfer of shellfish stocks are considered to be among the main factors involved in the increase in cases of contamination and poisoning related to saxitoxin [2] .
In humans, paralytic shellfish poisoning causes dosedependent perioral numbness or tingling sensations and progressive muscular paralysis, which can result in death through respiratory arrest [3] . The maximum tolerance levels established by the European Union and the Food and Drug Administration are 40-80 µg PSP per 100-g edible portion of fresh, frozen, or tinned shellfish [4] .
The Official AOAC method for these algal toxins is the "mouse bioassay" (MBA) [5] . The limitations of this procedure are the high variability of the results and the low sensitivity. It also requires a continuous supply of mice and results are affected by test conditions such as animal strain and sample extract preparations. Other methods include fluorimetry [6] and liquid chromatography [7, 8] . The latter requires expensive equipment and pre-or post-column analyte oxidation [7, 8] . Samples must also be analysed singly, so the method is unsuitable for routine on-site testing.
Immunochemical methods have advantages of both sensitivity and speed, and are therefore of increasing importance in food control as rapid screening tests. Because of the highly specific antigen-antibody interaction, several laboratories have attempted to develop an immunoassay for PSP [9, 10] . Although an ELISA kit [11] for saxitoxin is now on the market, free antibodies against this toxin are not commercially available, despite this toxin having been included in the list of chemical weapon compounds (Paris Convention 13/01/1993 , Low 496 25/11/1995 In this paper the production of specific antibodies against saxitoxin is described. Among several approaches tested we found that the antibodies produced in rabbits after treatment with saxitoxin conjugated to keyhole limpet hemocyanin (KLH) were useful for the toxin assay. These antibodies were used to develop both indirect and direct enzyme-linked immunosorbent assays (ELISA). Details of the production, characterization, and test procedures for the determination of saxitoxin in mussels are reported. A comparison with the commercially available ELISA test kit is also reported.
Experimental
Reagents and materials Saxitoxin (STX), used as standard and for conjugation, was purchased from Biomol (USA). KLH (keyhole limpets hemocyanin) was bought from Calbiochem (USA). New Zealand female threeweek-old rabbits were used for the immunization. Antibody purification was conducted using Protein A Sepharose 4 Fast Flow (Amersham Pharmacia Biotech, Uppsala, Sweden). Bicinchonic acid (BCA) (BCA Protein Assay Kit; Pierce, Rockford, USA) was used to determine protein concentration. Blank control serum was obtained from rabbits not yet immunized with the toxin. Maxisorp surface, 96-well polystyrene microtitre plates were purchased from Nunc (Roskilde, Denmark). Affinity purified anti-rabbit IgG (H+L, from goat) horseradish peroxidase (HRP) conjugate, and purified mouse IgG were purchased from Vector Laboratories (Berlingame, CA, USA). Non-fat dry milk, blotting grade, came from Bio-Rad Laboratories (Hercules, CA, USA). 3,3′,5,5′-tetramethylbenzidine dihydrochloride (TMB), bovine serum albumin (BSA), ABTS (2,2′-azino bis (3-ethylbenzthiazoline-6-sulfonic acid) ammonium salt 98%) and all other reagents were from Sigma (St Louis, MO, USA). The Ridascreen saxitoxin kit was from R-Biopharm (Germany). All solvents were of LC or analytical reagent grade (Farmitalia, Carlo Erba-MI, Italy). Mussel samples were obtained from local supermarkets. The BCR reference material containing saxitoxin (BCR-543 mussel) was purchased from the Institute for Reference Materials and Measurements (IRMM, Belgium).
Apparatus
A model 550 microplate reader (Bio-Rad) was used to read the absorbance on ELISA plates at 405 nm. A model 238 UV cord S II, instrument from LKB (Bromma, Sweden), at 280 nm, was used for detection of proteins during collection of the antibodies in the purification process [12] .
The LC system consisted of a Perkin-Elmer (Beaconsfield, UK) 410 LC pump and an injection port (Rheodyne 7125; Cotati, CA, USA) with 20-µL loop. The column used was a Supelcosil LC-18 (25 cm×4.6 mm id, 5 µm; Supelco). The fluorimetric detector was a dual-monochromator Perkin-Elmer LC 240 fluorescence detector set at 330 (excitation) and 400 nm (emission). The integrating recorder was a PE Nelson model 1020 from Perkin Elmer.
Procedures for preparation of Saxitoxin conjugates

Preparation of immunogen -conjugation of saxitoxin with KLH
The immunogen was prepared according to Renz and Terplan [13] . In a typical experiment KLH (2 mg) in sodium acetate buffer (0.1 mol L -1 , pH 4.4, 0.5 mL) was mixed with saxitoxin-acetate (150 µg) in the presence of formaldehyde (37% w/w, 40 µL). The reaction was left to proceed at room temperature for 72 h, then at 4°C for another 12 h.
The reaction mixture was dialysed against acetic acid solution 1 mmol L -1 for 6 h, then against deionized water for 18 h. After the dialysis the STX-KLH was precipitated with aluminium potassium sulfate (10%, 800 µL) and NaOH (1 mol L -1 , 500 µL) overnight at 4°C. The resulting precipitate was washed six times with cold phosphate-buffered saline (PBS), pH 7.2. The conjugate was prepared freshly for each immunization, because freezing can increase the hapten-carrier toxicity [14] . Animals were immunized and boosted according to the procedure reported below.
Preparation of coating antigen (STX-BSA)
The conjugation of saxitoxin to BSA involved the one-step formaldehyde method [15] . STX acetate salt (200 µg) in acetic acid (0.1 mol L -1 ) was mixed with BSA (2 mg; 20 mg mL -1 in H 2 O) and formaldehyde solution (37%, 12 µL) was added. The reaction was left to proceed at room temperature for 3 days.
The reaction mixture was dialysed against PBS buffer at 4°C for 3 days to remove any free toxin. The average final concentration of STX-BSA, calculated by use of the BCA method, was 1.2 mg mL -1 . The conjugate solution was stored at -20°C.
Conjugation of STX with horseradish peroxidase
Saxitoxin was coupled to HRP by the periodate reaction [11, 16] . HRP (4 mg) was added to sodium periodate solution (0.1 mol L -1 , 0.2 mL) and the solution was gently mixed for 20 min at room temperature. The mixture was dialysed against sodium acetate buffer, pH 4.4, overnight at 4°C and the pH of the final solution was adjusted with carbonate buffer (0.2 mol L -1 , pH 9.6, 20 µL).
The activated enzyme was added to saxitoxin, as the acetate salt, (80 µg) in acetic acid (0.1 mol L -1 , 250 µL) and the pH was adjusted to 7.5 with sodium carbonate buffer (0.5 mol L -1 , pH 9.6). After 45 min at room temperature, NaBH 4 (4 mg mL -1 , 0.1 mL) was added and the mixture was incubated for 15 min at 4°C and finally dialysed against PBS (0.15 mol L -1 ).
The concentration of enzyme in the conjugate was determined spectrophotometrically at 403 nm (80 µg mL -1 protein) and the residual activity was also determined with ABTS by use of a spectrophotometer (1.73 U mL -1 residual activity against 5.02 U mL -1 of native activity).
The analysed fractions were stocked and stored at -20°C. The conjugation ratios (mol toxin bound per mol -1 HRP) could not be determined, because the PSP toxins did not sufficiently absorb UV.
Antibody production
Immunization procedure
Three rabbits were immunized using saxitoxin conjugated with KLH. Animals were immunized once every 3-4 weeks for a total of 20 times using 250 µg of hapten-carrier dissolved in PBS and emulsion with complete Freud's adjuvant emulsion (CFA). The second immunization (3 weeks later) was performed using the same amount of antigen after emulsification with incomplete Freud's adjuvant (IFA). Subsequent immunizations were performed by injecting STX-KLH, after precipitation in aluminium potassium sulfate, plus 3 µg free toxin. Blood was harvested from the rabbit's ear vein 7-10 days after the last immunization. The blood was cen-
